Uma nova espécie cobre(II)-tetra(3,4-piridil)porfirazina tetrarrutenada, [CuTRPyPz] 4+ foi sintetizada e sua caracterização conduzida por meio de métodos analíticos, espectroscópicos e eletroquímicos. Sua extensa conjugação-π a distingue dos derivados análogos da mesotetrapiridilporfirina, levando à ocorrência de interações eletrônicas mais fortes entre os complexos periféricos e o anel porfirazínico central. Com base nas interações eletrostáticas e de empilhamento-π, foram realizadas montagens, camada-por-camada, de filmes funcionais, combinando-se a [CuTRPyPz] 4+ com a ftalocianina de cobre(II) tetrassulfonada, [CuTSPc] 4−
Introduction
Phthalocyanines and porphyrins are important macrocyclic compounds exhibiting a wide variety of applications in science and technology. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Their main characteristics are associated with the π-conjugated ring which imparts interesting physical and chemical properties, including the facility of stacking and yielding molecular films. The possibility of rationally manipulating their properties at the nanoscale is a relevant issue to be pursued, aiming the generation of functional molecular materials for nanotechnology devices. [14] [15] [16] [17] As a matter of fact, tetrapyridyl porphyrins have already been modified with transition metal complexes in order to generate convenient building-blocks and connectors for assembling supramolecular systems and nanostructured materials. 18, 19 In such systems, the transition metal complexes can play many roles, because of their wide variety of structural, electronic, redox and catalytic properties. [20] [21] [22] [23] [24] [25] [26] In particular, the coordination of ruthenium complexes to meso-pyridylporphyrins has provided rather versatile systems, in which the chemical and photochemical reactivity can be modulated by the electronic, structural and steric effects induced by the peripheral complexes. [27] [28] [29] [30] [31] [32] However, it should be noticed that in the case of tetrapyridyl porphyrins, the electronic coupling between the porphyrin center and the ruthenium complexes is mediated by a Vol. 20, No. 4, 2009 non-coplanar pyridine bridge, reducing to a great extent, their mutual influence in terms of chemical and physical properties. However, a stronger electronic coupling can be expected for coplanar bridged systems such as the tetra (3,4-pyridyl) porphyrazines. In this case, in contrast to the tetrapyridylporphyrins, the bridging pyridyl rings are fused to the macrocycle, becoming part of the π-extended system. [33] [34] [35] In a previous work, 34 we have demonstrated that the free-base tetra(3,4-pyridyl)porphyrazine molecule can bind four [Ru(bpy) 2 Cl] + complexes, yielding a stable cationic system. Now, we are focusing on a new tetraruthenated copper(II) tetra(3,4-pyridyl)porphyrazine complex, including an investigation on its interaction with the anionic tetrasulfonated copper(II) phtalocyanine species ( Figure 1 ). It should be noticed that while the preparation of the free-base tetra(3,4-pyridyl)porphyrazine species requires rather complicated synthetic procedures to be accomplished, 34 the copper(II) derivative is commercially available and provides a more convenient starting material for expanding the investigation on this series of complexes. So, initially, the [CuTRPyPz] 4+ complex was synthesized and fully characterized by electrospray ionization mass spectrometry (ESI-MS), UV-Vis spectroelectrochemistry and cyclic voltammetry. Then, layer-by-layer films were electrostatically assembled, and their electrocatalytic activity for nitrite and sulphite oxidation evaluated.
Experimental

Materials
The cis-dichloro-bis (2,2'-bipyridine) Layer-by-layer electrostatically assembled films were prepared by transferring a precise volume of a methanol solution of [CuTRPyPz]TFMS onto the electrode surface and allowing it to dry in air. After depositing the first layer of the tetracationic species, the electrode was dipped into a [CuTSPc] 4-aqueous solution in order to assemble a bilayered film. 36 After washing with deionized water, the procedure was repeated, alternating the [CuTRPyPz] 4+ and [CuTSPc] 4-solutions for generating multilayered films in a controlled way.
Instrumentation
UV-Vis spectra were recorded on a HP-8453A diode-array spectrophotometer, in the 190 to 1100 nm range. Cyclic voltammetry was carried out in 4 , was purified by recrystallization in water and dried under vacuum. The spectroelectrochemistry data were collected using a previously described homemade thin-layer cell and a PAR model 173 potentiostat/galvanostat in parallel with the HP-8453A spectrophotometer. 37 Electrochemical impedance spectroscopy measurements were carried out with an AUTOLAB PGSTAT30 equipment and a conventional three electrodes electrochemical cell, in the 1 to 10 5 Hz range. Electrospray mass spectra were recorded for the samples dissolved in pure methanol, using a Q-Tof (Micromass) mass spectrometer with a quadrupole (Qq) and high-resolution orthogonal time of flight (o-TOF) configuration.
Results and Discussion
The chemical constitution of the tetraruthenated porphyrazines was confirmed by means of electrospray mass spectrometry. The observed fragmentation pattern can be seen in the global scheme shown in the Figure 2 
Electrochemistry and spectroelectrochemistry
The cyclic voltammograms of [CuTRPyPz] 4+ exhibit a series of electrochemical waves displaying 1:1 and 1:4 relative intensities, in the -1.5 to 1.7 V range, as shown in Figure 3 . The strong waves at 0.97 V are characteristic of the reversible Ru(III/II) redox couple (wave A).
The spectra of the [CuTRPyPz] 4+ species in methanol, ethanol or DMF solutions exhibit a complex absorption profile, which can be deconvoluted in terms of a series of bands at 296, 326, 356, 382, 430, 490, 602 and 702 nm, as shown in Figure 4 . By comparison with the electronic spectra of similar species, 34 the peaks at 296, 326 and 490 nm can be assigned, respectively, as internal π→π* transitions of the bipyridyl ligands, and as Ru II →bpy (dπ→pπ 2 *) and (dπ→pπ 1 *) metal-ligand charge transfer transitions (MLCT) in the [Ru(bpy) 2 Cl] + group. The bands at 356, 382 nm can be ascribed to the B 2 and B 1 Soret bands, and those at 602, 702 nm to the Q(0,1) and Q(0,0) bands of CuTPyPz. The 430 nm is consistent with the MLCT Ru II →TPyPz (dπ→pπ*) transition. The porphyrazine Q bands at 602 and 702 nm exhibit are relatively broad, reflecting the exciton coupling associated with the formation of π-stacked species. 40 The corresponding spectroelectrochemical results are shown in Figure 5 . The oxidation of the peripheral complexes at 0.97 V led to the disappearance of the MLCT band at 490 nm, while the broad Q bands at 602 and 706 nm collapsed into a narrow structured band at 670 nm ( Figure 5A ), characteristic of non associated species. This is an interesting result which can be explained considering that the oxidation of the peripheral Ru(II) complexes to Ru(III), increases the positive charge on the tetraruthenated species, from +4 to +8, lowering the probability of occurring π-stacking interactions. At 1.5 V, a weak, irreversible wave was also detected, suggesting the oxidation of the porphyrazine ring. Unfortunately, spectroelectrochemical measurements at this potential were precluded by the decomposition of the complex.
Four successive reduction reactions were observed in the range of 0.5 to −1.1 V. According to the corresponding spectroelectrochemical patterns (Figure 5B -E) one can conclude that they do not involve the peripheral ruthenium complexes, since the bipyridyl π→π* band at 293 nm and the metal-ligand charge transfer band at 490 nm remained practically unchanged.
The quasi-reversible processes at -0.11 and -0.50 V (waves B and C) were ascribed to the first and second monoelectronic reductions of the porphyrazine ring. As a matter of fact, when the potential was changed from 0.50 to -0.20 V, a decrease in the intensity of the Soret and Q bands at 360 and 710 nm, and an increase of the absorbance at 550 nm were observed, corresponding to the formation of the porphyrazine radical anion species. When the potentials were changed from -0.20 to -0.60 V, the intensity The third reduction process (wave D) observed in the -0.60 to -0.80 V range, led to the decay of the 853 nm band, and to the increase of absorbance at 525 nm, giving rise to a broad envelope. The fourth reduction process was found in the -0.80 to -1.20 V range. In this case, a very broad band appeared at 823 nm concomitantly with the decrease of the band at 525 nm. These waves are centered at the reduced copper-macrocyclic ring. Considering the previous reduction of the porphyrazine center, the participation of Cu(I) and Cu(0) states in the two processes seems very probable.
The last wave, at −1.39 V, exhibits an intensity comparable to that of the Ru(III/II) process, leading to pronounced changes in the [Ru(bpy) 2 Cl] + bands at 293 and 490 nm, supporting the reduction of the bipyridine ligand. The expected 4:1 intensity ratio between the ruthenium complexes and porphyrazine centered electrochemical processes has been observed, and also confirmed by differential pulse voltammetry (DPV) (not shown).
Preparation and electrochemical properties of the supramolecular films
Tetraruthenated porphyrins and porphyrazines are known to form stable and adherent films on electrodes or substrates like indium tin oxide (ITO) or glassy carbon. 33 ,36,41-43 Such molecular films are relatively soluble in conventional solvents, but can be employed in aqueous solution in the presence of a large excess of counter ions, such as PF 6 − , triflate or perchlorate anions, in order to reduce their solubility. A better approach, however, is by carrying out a layer-by-layer self-assembly, based on a combination with sulphonated porphyrins or phtalocyanines. As a matter of fact, we have observed that the tetraruthenated porphyrazines form highly homogeneous and stable films by electrostatic self-assembly with tetrasulfonated copper(II) phthalocyanines (Figure 1) . The buildup of such [CuTRuPyPz] 4+ /[CuTSPc] 4-electrostatic assembled bilayered films on ITO can be monitored spectrophotometrically, as shown in Figure 6 . There is a steady increase of the absorption bands (inset Figure 6 ) associated with the ruthenium complexes and the copper(II) porphyrazine and phtalocyanine, as expected for the deposition of equivalent amounts of each species, at each diping process.
In order to investigate the conduction and electrocatalytic properties of the [CuTRuPyPz] 4+ /[CuTSPc] 4− films, glassy carbon rotating disk electrodes were used, as shown in Figure 7 Figure 8 . At 0.72 V, there is no significant redox process. In this case, the beginning of a semi-circle can be observed in the high-frequency region, followed by a very short diffusion controlled region and saturation at lower frequencies (inset Figure 8) . This kind of response can be analyzed using a simple Randles RC circuit, from which a charge-transfer resistance, R CT ca. 60 Ω can be evaluated. The spectrum profile and the R CT value are similar to those obtained for analogous free-base tetraruthenated porphyrazine. 33 On the other hand, the Nyquist plot obtained at 0.97 V, i.e., at Ru(III/II) redox potential exhibited a quite different profile as compared with the free-base derivative, in which case an inductive component has been reported. 33 In the case of the copper(II) derivative no semi-circle associated with activated electron transfer processes nor diffusion controlled Warburg region could be observed, but only a saturation line indicated by a curve nearly perpendicular to the Z Re axis. This indicates that at this potential, the electrode/film/solution interface behaves as a low resistance metallic electronic conductor. Accordingly, the electron hopping between the ruthenium centers should be very fast, at applied potentials near the E 1/2 of the Ru(III/II) redox pair.
Electrocatalytic properties of the layer-by-layer films
Although nitrite and sulfite ions exhibit detectable eletrochemical response in most conventional bare electrodes, the processes are usually irreproducible and severely complicated by electrode poisoning effects. In contrast, when nitrite and sulphite ions are added into the buffered electrolyte solution (Figure 9 ), the anodic wave at 1.1 V in the [CuTRuPyPz] 4+ /[CuTSPc] 4− films exhibits a large intensification, which increases as a function of the concentration of those species, with no evidence for the corresponding cathodic wave. This observation is consistent with a relatively fast heterogeneous chargetransfer process mediated by the Ru(III)/(II) sites, which act as conduction gates, generating an electric rectifying response.
The kinetics of the nitrite to nitrate mediated oxidation reaction were studied by RDE voltammetry in the 100-4000 rpm rotation range. Typical current vs. potential curves are shown in Figure 10 A. The voltammograms exhibited a typical sigmoidal shaped profile at low frequencies and concentrations, reaching the limiting currents film were too fast to be monitored by RDE, such that the Levich plot was essentially linear up to a concentration of about 10 mmol dm -3 of the substrate, and rotation rate of 5000 rpm.
The RDE experiments were also carried out by varying the thickness of the molecular mediator, in order to evaluate the contribution of the surface concentration of the electrocatalytic active sites in the film, and to determine the value of k f . Unfortunately, at high surface concentrations, the film resulted too rough, leading to a large dispersion of the k f Γ results. On the other hand, at very low Γ, one increases the chances that the electrode surface is not completely covered. . This value is about 10 times higher than that previously obtained for the for self-assembled films based on tetraruthenated cobalt-porphyrin and tetrasulphonated zinc-porphyrin, and it is comparable to the best results yet reported for the films of electropolymerized porphyrins coordinated to four [Ru(5-ClPhen) 2 Cl] + complexes.
44,45
Conclusions
The tetraruthenated copper(II)-tetra(3,4-pyridyl) porphyrazine species provides a versatile π-conjugated system, contrasting with the related meso-tetrapyridylporphyrin analogues by exhibiting strong electronic interaction between the coordinated peripheral complexes and the central ring. The spectrometric, spectroscopic and electrochemical data are in complete agreement with the proposed composition. Electrospray mass experiments revealed an ion-pairing process in the gas phase, and the occurrence of a sequential fragmentation of the peripheral complexes. Layer-by-layer (lbl) electrostatic assembled films were successfully generated by the appropriate combination of [CuTRuPyPz] 4+ with copper(II)-tetrasulfonated phtalocyanine, exhibiting metallic conductivity near the Ru(III/II) redox potential, as well as enhanced electrocatalytic activity for oxidation of nitrite and sulfite ions.
